The terminal Neoproterozoic succession in the Lesser Himalaya of India, including the Infra Krol Formation and Krol Group, represent the thickest known accumulation of carbonate strata of this time period, and hence is an ideal target for chemostratigraphic and sequence stratigraphic investigation. High-resolution analyses reveal several negative δ 13 C excursions. Only one of these is related to known Neoproterozoic ice ages, and many vary in amplitude and stratigraphic position in an oblique regional transect of the platform. A combination of stratigraphic and geochemical tests, and comparison with sections elsewhere, leads to an evaluation of the relative contributions of primary and secondary signals. Two excursions are associated with abrupt facies changes associated with shallowing and accumulation of carbonate in organic-rich restricted environments, or with karstification of a subaerially exposed platform; these are currently interpreted to be diagenetic artifacts. Other negative δ 13 C excursions are recorded in open marine transgressive facies, and are interpreted to represent biogeochemical anomalies of global significance. The magnitude of these excursions, however, is complicated by their lateral inconsistency between adjacent sections. Two interpretations are proposed. One possibility is that the observed isotopic inconsistency is due to diagenesis not revealed by the application of existing geochemical criteria. A composite δ 13 C curve constructed under this assumption is broadly consistent with that documented elsewhere, and may reflect modest biogeochemical changes of global scale. An alternative interpretation is that the inconsistency of δ 13 C values relates to stratigraphic hiatus between correlated horizons, incomplete sampling, and/or lack of appropriate carbonates facies. The composite δ 13 C curve constructed under this assumption shows large-magnitude (up to 15‰) negative δ 13 C anomalies that are taken to imply remarkable perturbations of ocean geochemistry and the episodic input of 13 C-depleted alkalinity during terminal Neoproterozoic time.
Introduction
Neoproterozoic successions worldwide are characterized by prominent carbon and sulfur isotope anomalies, in many cases associated with glaciogenic strata, that record perturbations in the biogeochemical cycling of these elements. Insofar as isotope event stratigraphy reflects environmental change, charting the full range of chemical variability in a well defined physical stratigraphic framework is important for the understanding of early animal evolution (e.g., Kaufman et al., 1991; Hoffman et al., 1998; Jacobsen and Kaufman, 1999; Knoll, 2000) .
Stratigraphic limitations in the abundance and distribution of carbonate through siliciclastic-dominated successions, diagenetic alteration of depositional δ 13 C compositions, and facies-restricted anomalies (Kaufman et al., 1991) may each obscure the record of biogeochemical phenomena. This is especially true for studies that rely on data from a single section. These uncertainties together represent the most significant hurdle in seeking links between geochemical perturbations and their biological context at the end of the Proterozoic Eon.
Recent reports from a variety of terminal Neoproterozoic successions reveal the presence of unusually large negative carbon isotope anomalies down to a nadir of −10‰ or more (Burns and Matter, 1993; Kimura et al., 1997; Calver, 2000; Amthor et al., 2003; Corsetti and Kaufman, 2003; Xiao et al., 2004; Kaufman et al., in press ), which are apparently unrelated to global scale glaciation. The origin (or origins) of these largemagnitude events is likely to be different from those proposed for the post-glacial "cap carbonates" (Kaufman et al., 1991 (Kaufman et al., , 1997 Hoffman et al., 1998; Kennedy et al., 2001; Hoffman and Schrag, 2002; Jiang et al., 2003a) .
To obtain as complete as possible an isotopic record of terminal Neoproterozoic time, we conducted an integrated sequence and chemostratigraphic study of the Krol platform of northern India. This platform was chosen for study as it stands out as one of the thickest accumulations of carbonate strata of this time, and is amenable for both physical stratigraphic study and isotopic analysis. Earlier reports of carbon and oxygen isotope analyses of Krol carbonates can be found in Aharon et al. (1987) and Banerjee et al. (1997) . We report here high-resolution isotopic analysis of multiple sections across the platform interior to outer shelf within a sequence stratigraphic framework and discuss alternative reconstructions of temporal changes in the carbon isotopic composition of terminal Neoproterozoic oceans.
Geological background
Neoproterozoic strata in northern India crop out in a series of doubly plunging synclines in the Lesser Himalaya thrust belt (Fig. 1) . The succession encompassing the Krol Group consists of three distinct intervals deposited in a north-to northwest-facing rift to passive margin ( Fig. 2 ; Jiang et al., 2003b) including, (1) preglacial siliciclastic rocks (Jaunsar and Simla groups), (2) two levels of glacial diamictite separated by siltstone and sandstone that are assigned to the Blaini Formation, and (3) post-glacial siliciclastic and carbonate rocks of the Infra Krol Formation and Krol Group.
The timing of the rift-to-passive margin transition is not well established, but is interpreted to be within or at Fig. 1 . Simplified geological map of the five studied synclines showing outcrops and measured sections in the Lesser Himalaya, northern India (after Singh and Rai, 1983) . Jiang et al., 2003b ). The stratigraphy of section H (Simla) is summarized from Valdiya (1970) and Kumar and Brookfield (1987) .
the base of the glaciogenic units, based on the absence of igneous rocks and comparatively simple thickness and facies trends across the basin. Furthermore, there is no evidence for substantial syn-depositional tectonism, which would be expected in a foreland basin (Jiang et al., 2002 (Jiang et al., , 2003b .
Terminal Neoproterozoic strata include the Infra Krol Formation and the Krol Group (Fig. 3A) , which overlie the Blaini Formation, the upper part of which has been inferred to relate to Marinoan (early Varanger) glaciation ca. 635 Ma (Jiang et al., 2003c; Condon et al., 2005; Zhang et al., 2005) . The whole of the succession above this diamictite encompasses the newly-ratified Ediacaran Period of Earth history (Knoll et al., 2004) , which is currently constrained to extend from ca. 635 Ma (Condon et al., 2005) to the Precambrian-Cambrian boundary at 542 Ma (Bowring et al., 1993; Amthor et al., 2003) .
Immediately above the upper Blaini diamictite is a 5-15-m-thick cap carbonate consisting of thinly laminated and iron-rich muddy dolomite, the upper part of which is parted by thin shale. The Blaini cap carbonate is only locally exposed and the unusual sedimentary structures and textures (e.g., tepee-like structures, sheet cracks, tubestones, and seafloor cements) characteristic of other cap carbonates globally (e.g., Kennedy, 1996; Hoffman et al., 1998; James et al., 2001; Jiang et al., 2003a) have not been observed in the available outcrops. The cap carbonate is overlain by up to 250 m of shale, calcareous siltstone and fine-grained sandstone of the Infra Krol Formation. A sandstone up to 60 m thick (Fig. 3A) is locally present at the top of the Infra Krol Formation at Krol and Nainital synclines (Fig. 3B ). This sandstone unit is commonly capped by <2 m thick, silty and muddy dolomite with occasional phosphorite intraclasts.
Overlying the Infra Krol shale and siltstone is the Krol Group, which is subdivided into five informal units designated Krol A through E (Fig. 3A) . Krol A is characterized by greenish to gray, micritic limestone and shale with chertified phosphate nodules containing cyanobacterial fossils (Tiwari and Knoll, 1994) . Krol B stands out as an unusual red siltstone interlayered with thin gray to white dolomite; desiccation cracks and gyspsum casts have been reported in the Krol B, suggesting shallow water deposition (Jiang et al., 2002 (Jiang et al., , 2003b . The Krol B is overlain by interbedded black shale and limestone of the lower Krol C, which is of considerable thickness in the most proximal section (Nainital syncline; loc. A in Fig. 3B ). The upper part of Krol C through Krol D consists of thick (>500 m) microbial dolomite with abundant stromatolites in the western synclines (Nigalidhar and Krol synclines; loc. F and G in Fig. 3B , respectively), passing towards the southeast into interlayered microbial dolomite and shaly limestone interpreted to represent a shelf lagoon setting (loc. A-F in Fig. 3B ). The uppermost part of the Krol (Krol E) is mainly muddy dolomite, and is overlain by the siliciclastic-dominated Tal Group. The basal unit of the Tal contains condensed black shale, phosphate, chert, and cherty dolomite from which small shelly fossils of Early Cambrian aspect have been reported (Singh and Rai, 1983; Shanker and Mathur, 1992) .
Sequence stratigraphic investigations reveal eight facies associations separated by regional stratigraphic discontinuities that have been traced along the Lesser Himalaya thrust belt ( Fig. 3B ; Jiang et al., 2002 Jiang et al., , 2003b . Three of the surfaces are interpreted as sequence boundaries on the basis of (1) locally developed incised valleys <60 m deep, (2) paleokarst with <50 m of mappable relief, and (3) the presence of breccia and calcrete filling vertical fissures, dikes, cavities, and shallow depressions in underlying carbonate rocks. The remaining discontinuities are regional flooding surfaces identified on the basis of a transition in facies stacking patterns, typically in a forestepping to backstepping motif, with abrupt upward deepening above each surface. Such a stratigraphic framework provides the basis for sampling in multiple sections, and for the comparisons of isotopic values in laterally variable facies belts across the synclines.
Methods
For this study, 822 carbonate samples from a variety of cyclic sedimentary facies (Jiang et al., 2003b) were collected at high stratigraphic resolution through the thick Infra Krol Formation and Krol Group, in multiple sections from five widely separated synclines (Table 1) . Following petrographic characterization, micro-samples were carefully drilled from the finest-grained portions of these rocks (Kaufman et al., 1991; Kaufman and Knoll, 1995; Corsetti and Kaufman, 2003) , and resulting powders were used for subsequent elemental and isotopic analysis.
For elemental analyses, 5-10 mg of sample powder was digested in 0.5 M acetic acid, centrifuged to isolate silicate minerals, and the supernant diluted to 10 ml with ultra-pure Milli-Q water. Solutions were analyzed for Sr and Mn abundances with an atomic absorption spectrophotometer at the University of Maryland. Uncertainties determined by the repeated measurement of a * Explanation for lithology abbreviations: bk = black; br = brecciated; cal = calcrete; ch = cherty or chert; det = detritus; dol = dolomite or dolomitic; floatst = floatstone; grainst = grainstone; intra = intraclastic; lm = limestone; mass = massive; mic = microbial; mud = muddy; mudst = mudstone; oo = oolitic; org = organic-rich; packst = packstone; pel = peloidal; phosph = phosphorite; silt = silty; sand = sandy; sh = shale; strom = stromaclastic; vug = vuggy; wackest = wackestone.
house standard carbonate (LL1) were better than 2% for these elements.
Carbon and oxygen isotope analyses were done at Mountain Mass Spectrometry in Boulder, Colorado and at the University of Maryland Geochemical Laboratories with an Isoprime gas source mass spectrometer. Approximately 100 g of carbonate powder was reacted for 10 min at 90 • C with anhydrous H 3 PO 4 with a Multiprep inlet system in-line with the dual inlet mass spectrometer. Isotopic results are expressed in the standard ␦ notation as per mil (‰) deviations from the V-PDB international standard. Uncertainties determined by multiple measurement of the LL1 house standard (calibrated to NBS-19) during each run of 40 or more analyses were better than 0.05‰ for both C and O isotopes.
Concentrations and carbon isotopic compositions of total organic carbon were determined on decalcified residues of powdered whole-rock samples by Dumas combustion at 850 • C for 2 h with CuO as an oxidant in evacuated and sealed Vycor tubing. The CO 2 formed from the combustion was distilled from H 2 O by cryogenic distillation, quantified, and then packaged for mass spectrometric analysis on the dual inlet Isoprime mass spectrometer. Results are reported as mg C/g sample (calculated from CO 2 yields) for concentration, and as above for carbon isotope composition. Uncertainties based on multiple extraction and analyses of a standard carbonate are better than 0.15 mg C/g sample and 0.3‰ for concentration and carbon isotope composition, respectively.
Results
Stratigraphic trends in carbon isotopes for samples from the measured sections are shown in Figs. 4-6. Samples are coded by diagenetic rank based on their elemental and oxygen isotopic compositions. To create a composite of the data from multiple sections in five widely-separated synclines, the eight recognized surfaces of unconformity or stratigraphic discontinuity (Jiang et al., 2002 (Jiang et al., , 2003b were used as proxies for time lines between individual measured sections. Intervals between the surfaces in each section are assumed to be approximately time equivalent. Sample positions are scaled to a type section in Mussoorie, and the carbon isotopic data replotted (Figs. 7 and 8) . From the Blaini cap carbonate to Cambrian/Precambrian boundary (Tal/Krol contact), negative δ 13 C values are obtained from seven stratigraphic intervals, numbered as N1 to N7 (Figs. 4-8) .
Nainital
Samples from the base of Krol A through the base of Krol E were analyzed in three measured sections from Nainital syncline (see stratigraphic composite in Fig. 4 , loc. A). Samples are moderately enriched in 13 C (up to +5‰) throughout most of the section with the exception of a marked negative δ 13 C anomaly that begins in thin dolomite near the top of Krol B and continues for over 100 m across surface 3 and into mixed carbonate/shale of Krol C. Carbon isotope values trend back to 0‰ Fig. 4 . Temporal trends in δ 13 C values of the terminal Neoproterozoic Infra Krol Formation and Krol Group of the Lesser Himalaya in six sections from five synclines. Section A is a composite of three closely-spaced sections from Nainital syncline. Section B is from Garhwal syncline. Sections D(1) and D(2) are both from Mussoorie syncline; section D2 is a composite from 10 sections (see Fig. 5 ). Section F is a composite of four sections from Nigalidhar syncline (see Fig. 6 ). Section G is a composite from four sections in the Krol syncline near Solan. N1 through N7 are horizons with negative δ 13 C values discussed in the text. Notice that in the Krol syncline near Solan, Krol A is conventionally considered to start immediately above the Krol Sandstone (e.g., Bhattacharya and Niyogi, 1971) . However, considering the fact that dark gray to black shale similar to lithologies of the Infra Krol Formation continue above the Krol Sandstone, we consider that Krol A starts somewhat higher in the stratigraphic column (Jiang et al., 2002 (Jiang et al., , 2003b . and higher with evidence of shallowing into microbial dolomite facies. Oxygen isotope compositions of most of the samples are >−8‰ although there are clear exceptions, especially at the level of the marked negative δ 13 C excursion. Also notable are the attenuated magnitudes of carbon isotope fractionation ( δ) in samples from the anomalous interval relative to samples on either side of the anomaly, as well as Neoproterozoic averages (Hayes et al., 1999) . Negative δ 13 C excursions N4, N5, and N6 are missing in this syncline.
Garhwal
The upper part of the Blaini Formation consists of a 8-m-thick, finely-laminated red to purple dolomicrite in the Garhwal syncline (Fig. 4, loc. B ). This iron (and manganese) rich and organic-poor cap carbonate is texturally distinct from other examples purported to be Marinoan in age, and the negative-to-positive δ 13 C trend recorded here is also opposite to that for these potentially equivalent units, including the Ghaub Formation of Namibia (Hoffman and Schrag, 2002; Xiao et al., 2004; Halverson et al., 2005) . Although the δ 13 C trend is tightly constrained, all of these iron and manganese-rich dolomicrite samples have strongly negative δ 18 O values. Carbon isotope values in the Krol A are moderately enriched with the exception of a single datum near the top of the unit with a value as low as −8‰ (compare with samples at the same horizon in Nainital; Fig. 4 , loc. A). Strongly negative δ 13 C values are again obtained in thin dolomite beds of Krol B and continue for about 50 m through the dolomite/shale couplets of Krol C. As in Nainital, most of δ 18 O values more negative than −8‰ are associated with negative δ 13 C values. At higher stratigraphic levels, δ 13 C values are moderately positive up to the Krol D, except for a trend to slightly negative values across surface 6. In the Krol E and Tal carbonates, values plunge from ca. −5‰ down to a nadir of −12.7‰, similar to those reported from other Precambrian-Cambrian boundary sections worldwide (Narbonne et al., 1994; Kaufman and Knoll, 1995; Kimura et al., 1997; Corsetti et al., 2000; Shen and Schidlowski, 2000; Bartley et al., 2001) .
Mussoorie
A large number of sections through the high altitude Mussoorie syncline were measured and sampled at highresolution (Fig. 4 , loc. D(1) and D(2), and Fig. 5 ). The Blaini cap carbonate was sampled at only a single section. A slight overall negative δ 13 C trend contrasts with that determined at Garhwal syncline. Above this level, the Infra Krol records δ 13 C values around 0‰ and the Krol A samples are again slightly enriched in 13 C. Most notably, δ 13 C values that are strongly negative across the Krol B/C transition in proximal sections at Garhwal and Nainital vary from one section to another at Mussoorie syncline. As is the case in other synclines, the interval between the Krol C and Krol E is characterized by moderate to strong enrichment in 13 C abundances, but data are also variable in this interval, with slightly negative values immediately above surface 4 and across surfaces 5 and 6. In contrast to the strongly negative δ 13 C values seen in Garwhal syncline (N7; Fig. 4, loc. B) , here δ 13 C values near the Precambrian-Cambrian boundary are variably expressed and restricted to the Tal Formation (Fig. 5) .
Nigalidhar
At Nigalidhar syncline, four closely spaced sections were measured and analyzed (Fig. 4 , loc. F and Fig. 6 ). At the level of the Blaini cap carbonate, a slight upward trend to more negative δ 13 C values is similar to that observed at Mussoorie syncline. Only a few samples were analyzed from the Krol A. All show moderate levels of 13 C enrichment. Notably, the Krol B/C transition, which was sampled in two closely spaced sections at Nigalidhar, is characterized by strongly negative δ 13 C values over ∼20 m at the base of Krol C in one section and by the absence of negative values in the other. Throughout the Krol C and D carbon isotope values hover around 0‰ or are slightly to moderately positive, with the exception of dolomite in shaley facies above surface 4, and in about a 100 m interval encompassing surface 5. Oxygen isotopic compositions of nearly all samples from Nigalidhar are greater than −8‰, and in the thick interval of stromatolitic and oolitic dolomite of Krol D. The δ 18 O values are remarkably stable and enriched in 18 O relative to all other samples in this study. Samples measured for both carbonate and organic carbon isotopic compositions throughout these sections record expected levels of isotopic fractionation with the exception of a few samples from across the Krol B/C transition (Table 1) .
Krol
Just above the Krol sandstone are muddy dolomites that have strongly negative δ 13 C values, down to −10‰ in one section (Fig. 4 , loc. G, based on data from four measured sections); above this horizon, values from Krol A are slightly to moderately positive. Negative δ 13 C values across the Krol B/C transition are again variably expressed. In one case no negative δ 13 C values are observed but in two others, δ 13 C values begin in thin upper Krol B dolomites and drop to <−10‰ in basal Krol C beds. Throughout the rest of Krol C, carbon isotope compositions are slightly positive, but carbonates over ∼150 m of section in the overlying Krol D across surface 5 record slightly to strongly negative values. Most samples from these sections record δ 18 O values >−8‰, even in the interval across the Krol B/C boundary, although carbon isotope fractionation in samples from this part of the succession, especially in section k97.2-3 (see Table 1 ) is highly attenuated.
Discussion
The primary goal of this integrated study was to reconstruct a complete terminal Neoproterozoic history of biogeochemical change, through a basin wide analysis of the physical and isotopic variations in the carbonatedominated succession in the Lesser Himalayas of northern India. Lateral variations in δ 13 C between sections (Figs. 4-6 ) and scatter within individual sections (Figs. 7 and 8 ) indicate, however, that the picture of carbon isotope change in the Lesser Himalaya is more complicated than anticipated at the beginning of our study.
Recognizing that some of the scatter is likely to be diagenetic in origin, we apply the existing geochemical screens first. Samples with δ 18 O > −8‰ and Mn/Sr < 8 have been considered as preserving δ 13 C close to their primary values Kaufman and Knoll, 1995; Jacobsen and Kaufman, 1999) . Applying these criteria, the negative δ 13 C values obtained from the Blaini cap carbonate, which are recognized at this level on all continents and accepted as primary, are completely eliminated, but all other negative δ 13 C excursions remain and the lateral variations are not substantially reduced (Figs. 4-7) . Although these criteria have been deemed useful for culling clearly altered samples in some Proterozoic studies, their effectiveness for generating a clear composite temporal δ 13 C curve for the Krol appears to be limited, perhaps complicated by stratigraphic uncertainties.
Local δ 13 C departure from average open marine seawater signature are recognized in modern (e.g., Patterson and Walter, 1994) and ancient (e.g., Kaufman et al., 1991; Immenhauser et al., 2003; Swart and Eberli, 2005) Allan and Matthews, 1982) . Negative δ 13 C values across surface 5 (N5; Figs. 4-8) appear both below and above a major sequence boundary, and in some cases, they change to positive values in closely spaced sections (Fig. 5) . In the two proximal synclines, this negative δ 13 C excursion disappears. Given these observations, we consider this negative excursion likely to be a diagenetic artifact rather than a true oceanographic signal.
Like the other cap carbonates globally, negative δ 13 C values of the Blaini cap carbonate (N1; Figs. 4, 7 and 8) are considered to record a major geochemical and paleoceanographic event following a severe glaciation, although the corresponding low δ 18 O values (mostly <−8‰) and low Sr concentration (<200 ppm) may suggest substantial fluid-rock interactions (e.g., Veizer et al., 1983; Banner and Hanson, 1990; Kaufman and Knoll, 1995) .
The remaining negative excursions, including N2, N3, and N6 (Figs. 4-8) , are relatively more consistent across the proximal to distal transect and possibly record temporal changes in ocean chemistry. However, considerable lateral variations also appear at these levels and the magnitude of these negative excursions needs more attention. Based on the available physical stratigraphic framework, two alternative interpretations for the magnitude of these negative δ 13 C excursions can be proposed, and these are briefly discussed below.
If the physical surfaces are reliably correlated across the carbonate platform (Jiang et al., 2002 (Jiang et al., , 2003b , the inconsistency of δ 13 C values at intervals N2, N3, N5, and N6 is plausibly ascribed to some combination of diagenesis and facies variations. Because diagenesis commonly results in more negative rather than positive δ 13 C overprints in carbonate rocks, the heaviest δ 13 C values of the 'correlatable' units provide the best approximation to the original signal of ancient seawater, and are taken as reference data points in constructing a composite δ 13 C curve. The composite δ 13 C record for the Krol under this assumption (Fig. 7) shows a pattern that compares favorably with the δ 13 C record summarized from other terminal Proterozoic successions (e.g., Knoll, 2000) , implying modest perturbations of the global carbon cycle at the Blaini cap carbonate (N1), the Krol C/Krol B transition (N3), and the upper Krol D (N6) intervals. A more pronounced negative δ 13 C excursion is noted at the Precambrian/Cambrian boundary (N7). In this interpretation, the magnitude of the N3 and N6 negative excursions is likely smaller than that of the Blaini cap carbonate (N1) and its global equivalents, with several plausible interpretations about which there is still no consensus: upwelling of 13 C-depleted bicarbonate during transgression (Knoll et al., 1986; Kaufman et al., 1991; Grotzinger and Knoll, 1995) , oxidation of a large dissolved organic carbon pool of the ocean (Rothman et al., 2003) ; and glacial-related ocean stratification (Kaufman et al., 1997; Zhou and Xiao, in press ). Recent dating from the Doushantuo Formation in south China (Condon et al., 2005; Zhang et al., 2005) , which is considered to be equivalent to the interval from Infra Krol to the base of Krol C (Jiang et al., 2003c) , indicates that with the exception of the cap carbonate level, other terminal Proterozoic negative δ 13 C excursions are unrelated to any known global glaciation.
An alternative interpretation is that the inconsistency of δ 13 C values at levels N2 and N3 (Figs. 4-8 ) results from subtle stratigraphic hiatus, incomplete sampling, and/or lack of appropriate carbonate facies. In this case, with the exception of those samples with unusually low δ 18 O values and high Mn/Sr ratios, most of the negative δ 13 C values are taken to record near to primary seawater compositions, with lateral variations in δ 13 C corresponding with temporal changes of seawater chemistry not captured in every section. The composite δ 13 C curve constructed under this assumption (Fig. 8 ) reveals additional negative δ 13 C excursions of large-magnitude (up to 15‰) at the top of the Krol sandstone (N2) and the Krol B/C transition (N3), as well as the Precambrian/Cambrian boundary (N7), which is accepted in the alternative interpretation. Strongly negative δ 13 C values potentially equivalent to the Krol B/C level (N3) have also been reported in the Huqf Group of Oman (Burns and Matter, 1993; Amthor et al., 2003) , the uppermost Doushantuo Formation of China (Yang et al., 1999; Zhang et al., 2005) , the Wonoka Formation of South Australia (Calver, 2000) , and the Johnnie Formation of the Death Valley area, USA (Corsetti and Kaufman, 2003; Kaufman et al., in press) , although further age determination is needed to evaluate temporal relations between these sections. Precambrian-Cambrian boundary excursions of comparable magnitude to N7 are also known from the Mackenzie Mountains in Arctic Canada (Narbonne et al., 1994; Kaufman et al., 1997) , Iran (Kimura et al., 1997) , China (Shen and Schidlowski, 2000) , northern Siberia (Bartley et al., 2001) , and the western USA (Corsetti et al., 2000) , but in other localities the magnitude of the negative δ 13 C excursion is much smaller. Uncertainties remain for N2, due to the limited number of samples that were collected, and the lack of a δ 13 C excursion of comparable magnitude in other Neoproterozoic successions.
If the strongly negative δ 13 C excursions (up to 15‰ shift) discussed above (especially N3 and N7 in Fig. 8 ) record changes of seawater chemistry, they require an additional source of 13 C-depleted alkalinity to seawater capable of driving the δ 13 C values below −5‰ in shallow open marine environments (Kump, 1991) . Three sources are candidates, including (1) methane (Jiang et al., 2003a) , (2) dissolved organic carbon in seawater (Rothman et al., 2003) and (3) fossil organic matter in exposed continental shelves. The latter source has been discussed by Kaufman et al. (in press ) with respect to a pronounced negative δ 13 C excursion in the Johnnie Formation of the Death Valley area. This oxidation of fossil organic matter in exposed continental shelves accompanying the rise of oxygen in the terminal Proterozoic (e.g., Derry et al., 1992; Kaufman et al., 1993 ) is a mechanism worth serious attention.
Conclusions
An integrated sequence and chemostratigraphic study of the thick terminal Neoproterozoic (Ediacaran Period, ca. 635-542 Ma) carbonate platform in the Lesser Himalaya of northern India reveals negative δ 13 C values at seven stratigraphic levels (numbered as N1 through N7, Figs. 4-8) . These stratigraphic levels, however, show considerable lateral δ 13 C variability that cannot be eliminated by reference to such existing geochemical screen as δ 18 O values and Mn/Sr ratios. Sampling in a physical stratigraphic context indicates that at least two negative δ 13 C excursions (N4 and N5) are related to restricted depositional environments and diagenesis along a karstic unconformity and therefore provide no information about open marine seawater values. The other negative δ 13 C excursions are interpreted to record changes in the terminal Proterozoic ocean chemistry, but with two possible interpretations of lateral variations in δ 13 C values at these levels. In one interpretation, lateral δ 13 C variation reflects diagenetic overprints superimposed on a global isotopic signal. The composite δ 13 C curve constructed under this assumption reveals modest negative δ 13 C anomalies (at N1, N3, and N6) and a major negative excursion at N7, all associated with perturbations of the terminal Proterozoic carbon cycle. An alternative view is that lateral δ 13 C variation may reflect short-lived δ 13 C changes not recorded in every section as a result of stratigraphic hiatuses, facies changes and sampling gaps. The composite δ 13 C curve constructed under this assumption includes several large negative δ 13 C excursions (at N2, N3, and N7), in addition to the moderate excursions at N1 and N6 supported by the alternative interpretation. If real, the profound negative δ 13 C excursions require the addition of 13 C-depleted alkalinity to the surface ocean. Oxidation of exposed fossil organic matter and subsequent silicate weathering in CO 2 charged soils could have been the source of the required alkalinity.
Detailed isotopic analyses from multiple sections within a sequence stratigraphic framework shed new light on our understanding of the incompleteness and complexity of both the physical and chemical stratigraphic record. This study suggests that chemostratigraphic schemes derived from a single section and then projected onto the world stage must now be viewed with skepticism. Punctuation of the stratigraphic record by erosion, non-deposition, condensation, and differential carbonate precipitation, all common in carbonate platform settings, can modify and even remove shortlived but important biogeochemical anomalies. Local isotopic departures from average seawater signatures due to restricted depositional environments (such as lagoons), and diagenetic overprinting further complicate the correlation of strata on both the regional and global scale.
